1. Introduction {#sec1}
===============

Lipid-based formulations (LBF) are one of the most widely used strategies to improve oral bioavailability of poorly water-soluble drugs by enhancing the dissolution of drugs in the gastrointestinal (GI) tract, prolonging the gastric retention time and potentially reducing the activity of efflux transporters on the intestinal wall.^[@ref1]^ Milk is a natural LBF where the lipids (∼98% triacylglycerols, TAGs) are emulsified in an aqueous solution as milk fat globules that can be digested by the action of pancreatic lipase in the small intestine to form diacylglycerols (DAGs), monoacylglycerols (MAGs), and free fatty acids (FFAs).^[@ref2],[@ref3]^ These amphiphilic lipolytic products can self-assemble into liquid crystalline colloidal structures^[@ref4],[@ref5]^ and support the solubilization of poorly water-soluble drugs;^[@ref6]−[@ref9]^ however, the types of the colloidal phases formed can also be influenced by the dosage and the physicochemical properties of the coadministered drugs.^[@ref8],[@ref9]^

We have recently shown that the solubilization of the antimalarial drugs artefenomel (OZ439) and ferroquine (FQ) was enhanced during digestion in full-cream bovine milk,^[@ref8],[@ref9]^ which was analogous to the results of bioavailability studies.^[@ref10]−[@ref12]^ Although the positive effects of milk on the solubilization of OZ439 and FQ during intestinal lipolysis were clear, the use of milk and its practical application for oral coadministration with drugs in developing countries are limited by challenges. These include the need to refrigerate the milk prior to consumption and the presence of variations in the quality of milk, which will make its implementation as a Food and Drug Administration (FDA)-approved excipient for drug delivery difficult.^[@ref13],[@ref14]^ Therefore, powdered milk substitutes such as infant formulas may provide an alternative solution to the limited shelf life of fresh milk and offer a well-controlled, consistent batch-to-batch quality of the lipid excipients.

Infant formulas are generally formulated using vegetable oil blends with or without bovine milk fat and are enriched with long-chain polyunsaturated fatty acids to improve the cognitive development of infants.^[@ref15]^ Although infant formulas are often designed based on the lipid compositions of human milk, a number of studies have shown that compositions of fatty acids in the infant formulas vary between manufacturers and that the regio-specific distributions of the fatty acids on the glycerol backbone of the triacylglycerols in infant formulas were different from human and bovine milk.^[@ref15]−[@ref17]^ Differences in chain lengths of the fatty acids in infant formulas could potentially result in varying degrees of the solubilization of drugs during lipolysis of triacylglycerols in the GI tract, depending on the physicochemical properties of the drug. We hypothesized that variations of the liberated fatty acid species from different infant formulas could alter the solubilization of OZ439 and FQ during digestion.

Therefore, this study investigated the solubilization behavior of OZ439 and FQ during the *in vitro* intestinal digestion of different infant formulas, with the aim of elucidating the effects of lipid compositions on drug solubilization. A schematic representation of this study is summarized in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The importance of lipid chain lengths was confirmed using emulsions of simple TAGs of medium- and long-chain fatty acids. The influence of fat content on drug solubilization was also assessed. Synchrotron small-angle X-ray scattering (SAXS) was used in two ways. First, it was used to detect the presence of crystalline OZ439+FQ and the polymorphic forms of OZ439 during *in situ* lipolysis by tracking diffraction peaks at wider angles. Second, SAXS was also used to understand changes in lipid self-assembly during digestion by tracking scattering features at lower angles concurrently. Liquid chromatography coupled to mass spectrometry (LC-MS) was used to determine the lipid compositions of the infant formulas. High-performance liquid chromatography (HPLC) was used to quantify the distributions of OZ439 and FQ in the digested phases of the infant formulas.

![Schematic representation of the concept of this study.](mp0c00475_0001){#fig1}

2. Experimental Section {#sec2}
=======================

2.1. Materials and Chemicals {#sec2.1}
----------------------------

OZ439-mesylate salt was provided by the Medicines for Malaria Venture (MMV; Geneva, Switzerland). Ferroquine granules (containing 50 wt % active pharmaceutical ingredient (API)) were supplied by Sanofi (Montpellier, France). Infant formula powders from three different suppliers (brands not disclosed as they are commercial-in-confidence) were generously provided by MMV. Bovine milk (Pauls brand, 3.8 wt % fat) was purchased from local supermarkets (Victoria, Australia). Nutritional information on milk and the infant formula powders was summarized in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf) in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf). Reagent-grade trizma maleate, sodium taurodeoxycholate hydrate (NaTDC, ≥ 95% purity), sodium azide (≥99% purity, Fluka), tricaprylin (≥90% purity), caprylic acid (≥99% purity), and 4-bromophenylboronic acid (4-BPBA) were purchased from Sigma-Aldrich (St. Louis, MO). Triolein (\>80% purity) was purchased from Tokyo Chemical Industry (Japan). Oleic acid (\>99% purity) was purchased from NuChekPrep (MN, US). Calcium chloride dihydrate (\>99% purity) and sodium hydroxide pellets (≥97% purity) were purchased from Ajax Finechem (New South Wales, Australia). Hydrochloric acid (36% solution) was purchased from LabServ (Ireland). Sodium chloride (\>99% purity) was purchased from Chem Supply (South Australia, Australia). DOPC (1,2-Dioleoyl-*sn*-glycero-3-phosphocholine) was purchased from Cayman Chemical (MI, US). Trifluoroacetic acid (TFA, ≥ 99.9% purity) was purchased from VWR (HiPerSolv CHROMANORM for HPLC, Australia). Acetonitrile (liquid chromatography grade) and tetrahydrofuran (THF, ACS grade) were purchased from Merck (Darmstadt, Germany). Lipase (USP-grade pancreatin extract) was purchased from Southern Biologicals (Victoria, Australia). Medium-chain triacylglycerols of caprylic acid/capric acid (MCT; Labrafac lipophile WL 1349) was a gift from Gattefossé. Long-chain triacylglycerols rich in *sn*-2 palmitate (LCT; Infat CC) was a gift from Enzymotec Ltd. (Migdal Haemek, Israel). Milk fat globular membrane (MFGM)-enriched whey protein concentrate was kindly provided by Arla Foods Ingredients Group P/S (Viby J, Denmark). Unless otherwise stated, all chemicals were used as received without further purification. Water was sourced from a Millipore Milli-Q water purification system at the point of use.

2.2. *In Vitro* Lipolysis of OZ439 and FQ in Infant Formulas {#sec2.2}
------------------------------------------------------------

*In vitro* lipolysis of the three infant formulas (IF 1, IF 2, and IF 3) at 20, 30, or 40 g of IF powders/200 mL of digestion buffer (termed 20, 30, or 40 g equivalent, respectively) with and without OZ439-mesylate+FQ granules was performed using methods described previously.^[@ref9]^ The digestion buffer was 50 mM Tris-maleate at pH 6.5 that contained 150 mM NaCl, 5 mM CaCl~2~·2H~2~O, and 6 mM NaN~3~. OZ439 and FQ were dosed with equivalent free base (FB) amounts of 800 mg and 900 mg per 200 mL of IF solution, respectively. OZ439 has been previously administered to children following consumption of 200 mL of milk, but due to the limitations of the sample volume in the *in vitro* digestion apparatus, experiments were performed with smaller batches while the ratios of the drug to fat content in the IF were kept constant.

Briefly, 99 mg of OZ439-mesylate (equivalent to 82 mg OZ439-FB) and 186 mg of FQ granules (equivalent to 93 mg of FQ-FB) were added to 2.75 mL of water containing 0.25 mL of a 1 M HCl solution to simulate a gastric step, forming a OZ439-HCl salt.^[@ref18]^ IF powders, i.e., 2.03 g (20 g equivalent to total powder), 3.04 g (30 g equivalent to total powder), and 4.05 g (40 g equivalent to total powder) were prepared in 17.5 mL of a digestion buffer and were mixed with the acidic drug solution in a thermostat digestion vessel (37 °C) under constant magnetic stirring. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} summarizes the amount of dosed OZ439 and FQ per gram of fat in all the IFs at 20, 30, and 40 g equivalent (eq) samples. The pH of the drug/IF samples was adjusted to 6.500 ± 0.003 prior to the injection of 2.25 mL of a porcine pancreatic lipase suspension (about 700 tributyrin units/mL digest). The pancreatic lipase was prepared from freeze-dried pancreatin extract using methods previously described.^[@ref19]^ The pH of the samples was maintained at 6.5 during digestion by the pH-STAT controller (Metrohm 902 STAT titration system) with automated dosing of 2 M NaOH.

###### Summary of the Fat Content (w/v %) and the Amount of OZ439-FB and FQ-FB (in mg of Drug/g of Fat) in Bovine Milk and Three Infant Formulas (IF 1, IF 2, and IF 3) during Digestion[a](#tbl1-fn1){ref-type="table-fn"}

       fat content during digestion (%)               
  ---- ---------------------------------- ----- ----- -----
  20   2.5                                2.7   2.6   3.3
  30   3.8                                4.1   3.9    
  40   5.1                                5.4   5.2    

       mg of OZ439-FB/g of fat                   
  ---- ------------------------- ------- ------- -------
  20   159.3                     149.3   155.7   123.6
  30   106.4                     99.7    103.9    
  40   79.9                      74.9    78.0     

       mg of FQ-FB/g of fat                   
  ---- ---------------------- ------- ------- -------
  20   179.9                  168.6   175.7   139.5
  30   120.1                  112.6   117.3    
  40   90.2                   84.5    88.1     

Gram equivalents of the IF powders were representative of the amount of IF powder (20, 30, or 40 g) per 200 milliliters of digestion buffer.

2.3. *In Vitro* Lipolysis of OZ439 and FQ in Medium- and Long-Chain Simple Triacylglycerol Emulsions {#sec2.3}
----------------------------------------------------------------------------------------------------

Lipid dispersions of MCT and LCT were prepared in digestion buffer both in the absence or presence of bile salt/phospholipid mixed micelles (4.7 mM NaTDC and 0.98 mM DOPC), as described previously.^[@ref6]^ Triacylglycerols (0.76 g) were added to a MFGM emulsifier (0.11 g) in 10 mL of digestion buffer, and the mixtures were sonicated with 2 s on/off cycles (25% amplitude) for 3 and 4 min processing times (Misonix S-4000 ultrasonic liquid processor, NY, US) for MCT and LCT, respectively. The volume of the samples was made up to 20 mL with the digestion buffer. OZ439-mesylate (99 mg) and FQ granules (186 mg) were added to 2.75 mL of water containing 0.25 mL of a 1 M HCl solution. The acidic drug mixtures were added to 17.5 mL of the emulsified MCT or LCT, and transferred to the 37 °C digestion vessel. *In vitro* lipolysis of the samples was performed as described in [section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"}. The fatty acids released from the lipid during digestion were titrated using 0.2 M (for LCT) or 2.0 M (for MCT) NaOH to maintain a pH of 6.5.

2.4. Synchrotron Small-Angle X-ray Scattering: Lipid Self-Assembly and Solubilization of OZ439/FQ in the Infant Formulas during *In Vitro* Lipolysis {#sec2.4}
----------------------------------------------------------------------------------------------------------------------------------------------------

The characterization of the liquid crystalline structures formed by self-assembly of the lipolytic products in the IFs and the solubilization of OZ439 and FQ were performed using the small and wide-angle X-ray scattering (SAXS/WAXS) beamline at the Australian Synchrotron (ANSTO, Clayton, Victoria, Australia). The pH-STAT apparatus was interfaced to SAXS, where samples were aspirated from the digestion vessel using a peristaltic pump to a fixed quartz capillary mounted in the X-ray beam (13 keV, wavelength of 0.954 Å) and circulated back into the vessel.^[@ref20]^ A sample-to-detector distance of approximately 1.6 m (0.01 \< *q* \< 0.40 Å^--1^) and 0.6 m (0.04 \< *q* \< 2.00 Å^--1^) was used to detect the liquid crystalline structures of the self-assembled lipids and the crystalline drug signals, respectively. *q* is the length of the scattering vector defined by 4π/λ sin(2θ/2), 2θ is the scattering angle, and λ is the X-ray wavelength. 2D SAXS patterns were recorded using a Pilatus 1 M detector with a 5 s acquisition time and a 15 s measurement delay. The raw data were reduced to functions of *I*(*q*) versus *q* by radial integration using the in-house software ScatterBrain (Version 2.71).

2.5. Analysis of the Lipid Compositions in Milk and Infant Formulas Using LC-MS {#sec2.5}
-------------------------------------------------------------------------------

Compositions of lipids in milk and IFs before and after 30 min of digestion were analyzed using LC-MS to identify key lipid components that dictate drug solubilization. Changes in the fatty acid and monoglyceride species in bovine milk, IF 1, and IF 2 during digestion have been recently reported.^[@ref21]^*In vitro* lipolysis of milk, 40 g eq IF 1, IF 2, and IF 3 were performed using methods described in [section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"}. Samples (200 μL) were collected after 30 min of digestion and added to 2 μL of lipase inhibitor (0.5 M 4-BPBA in methanol). The extraction of lipids from the digested milk and IF was performed using methods described previously.^[@ref21]^ Briefly, samples were diluted with water and added to mixtures of chloroform:methanol (2:1 volume ratio) and 1-butanol/methanol (1:1 volume ratio) containing isotopically labeled fatty acid internal standards.^[@ref21]^ The samples were mixed and sonicated in an iced water bath for 30 min and left to equilibrate at room temperature for 20 min followed by centrifugation at 16000 × *g* for 10 min. The supernatant was transferred to a 96-deep-well plate and dried overnight under nitrogen gas flow. 1-Butanol (100 μL) was added to the dried samples and sonicated for 10 min followed by the addition of methanol (100 μL) and centrifugation at 3700 × *g* for 5 min. The supernatants were transferred to glass vials and injected onto an LC (Shimadzu Nexera X2) coupled to a tandem triple quadrupole mass spectrometer (Shimadzu 8050) with an electrospray ionization (ESI) source operating at a negative ion mode. Reversed phase separation of the lipids in the digested milk and IFs was performed using a Waters Symmetry C18 column (4.6 × 75 mm^2^, 3.5 μm; Waters Symmetry) at 40 °C on a binary phase gradient at 0.4 mL/min using water:acetonitrile (9:1 volume ratio) and acetonitrile:isopropanol (1:9 volume ratio) as solvent A and solvent B, respectively. The elution gradient consisted of a gradual increase of solvent B from 0 to 60% B (3 min), 60--92% B (8 min), 92% B (3.5 min), and 92--0% B (2 min).

2.6. Distributions and Quantification of OZ439 and FQ in the Digested Infant Formulas Using HPLC {#sec2.6}
------------------------------------------------------------------------------------------------

Samples (200 μL) before (0 min) and after 30 min of digestion of OZ439 and FQ in infant formulas were collected, and 2 μL of 4-BPBA (0.5 M in methanol) was added to inhibit digestion. The samples were ultracentrifuged at 434900 × *g* for 1 h at 37 °C (Optima MAX-TL ultracentrifuge, Beckman Coulter, IN, US). The resultant phases (typically consisting of a dense pellet, a supernatant, and a buoyant lipid layer) were collected separately, and the drugs were extracted. Methanol (200 μL) and DMSO (800 μL) containing internal standards (diazepam) were added to the lipid and pellet layers prior to dilution with a mobile phase containing 95% solvent A (0.1% TFA in water) and 5% solvent B (0.085% TFA in acetonitrile). For the supernatant phase, 100 μL of the aqueous sample was added to 100 μL of methanol and 800 μL of DMSO containing diazepam. Chromatographic separation of OZ439 and FQ was performed using a reverse-phase C18 column (4.6 × 75 mm^2^, 3.5 μm, 100 Å; Waters Symmetry) at 35 °C with a UV detector (Shimadzu Corporation) on a binary phase gradient that consisted of 5--95% B (6 min), 95% B (0.2 min), and 5% B (5.8 min). The flow rate was 0.5 mL/min, and the injection volume was 10 μL.

2.7. Solubility of OZ439 and FQ in Triglycerides and Fatty Acids {#sec2.7}
----------------------------------------------------------------

Excess amounts of OZ439-FB 2 (prepared using methods in ref ([@ref18])) and FQ-API were weighed into triolein, tricaprylin, oleic acid, and caprylic acid. Samples were incubated at 37 °C on a rotary shaker, and aliquots were removed after 4 h, 1 d, and 4 d of incubation followed by ultracentrifugation at 278 and 300 × *g* for 30 min at 37 °C (Optima MAX-TL ultracentrifuge, Beckman Coulter, IN, US). The supernatant was removed and stored at −20 °C prior to drug quantification using HPLC. Mixtures of 1:1 v/v THF:acetonitrile were added to the supernatant, and samples were diluted in the mobile phase described in [section [2.6](#sec2.6){ref-type="other"}](#sec2.6){ref-type="other"}. The equilibrium solubility was the solubility value that differed less than 10% between the time points. Measurements were performed in triplicate.

2.8. Particle Size Measurements {#sec2.8}
-------------------------------

Volume-based size distributions of the lipid emulsions in infant formula, MCT, and LCT were measured using a Mastersizer S (Malvern Panalytical, Worcestershire, UK) equipped with a He--Ne laser (wavelength 633 nm) and a 300-RF lens to detect particle sizes between 0.05 and 880 μm. The sample was added to 50 mL of water to achieve an obscuration rate between 10 and 15. The particle density of the lipid was taken to be 0.92 g/cm^3^, and the refractive index of the lipid was 1.46 and that for water was 1.33. Particle sizes were reported as the volume mean *D*~4,3~, defined as ∑*n*~*i*~*d*~*i*~^4^/∑*n*~*i*~*d*~*i*~^3^, where *n*~*i*~ is the number of particles with diameter *d*~*i*~.

3. Results and discussion {#sec3}
=========================

3.1. Formation of Liquid Crystalline Structures during Digestion in the Absence and Presence of OZ439 and FQ {#sec3.1}
------------------------------------------------------------------------------------------------------------

Previous studies have shown that variations in the lipid species in milk and infant formula are key to the formation of different liquid crystalline structures during digestion,^[@ref21]^ which may subsequently impact the delivery of nutrients and coadministered drugs. Herein, the self-assembly of lipids during digestion of three infant formulas was determined, and the impacts of OZ439 and FQ on the colloidal structures formed were investigated.

Formation of lipid structures via the self-assembly of the lipolytic products in the IFs during *in vitro* lipolysis is shown by the SAXS data in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Digestion of IF1, IF2, and IF3 produced different liquid crystalline structures compared to bovine milk due to the different MAG and FFA species liberated. The amount of MAGs and FFAs species released after 30 min of digestion is summarized in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf). IF 2 contained more medium-chain fatty acids compared to IF 1 and IF 3, which explained the formation of an inverse hexagonal phase (H~2~) during digestion as opposed to IF 1 and IF 3, where the formation of an inverse micellar cubic phase *Fd*3*m* was promoted due to the higher negative curvature of the lipids. These structures were not affected by the total amount of lipids explored in our studies ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}; 20 g vs 40 g eq); however, a delayed formation of the liquid crystalline structures in higher fat infant formulas could be seen, which could be attributed to the slower lipolysis (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf) for the titration profiles). This observation agrees well with previous a study^[@ref22]^ and may be correlated to the decrease in the ratio of lipase to fat globules, the ratio of calcium to FFA that aids the removal of FFA from the surface of the fat globules, and the aggregation of the fat globules at high fat contents. Measurements of the size distributions of the fat globules in IF 2 at 2.7% fat (20 g eq) and 5.4% fat (40 g eq) showed that the volume mean diameters (*D*~4,3~) were 0.83 and 2.12 μm, respectively. Size distribution profiles of the fat globules are given in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf).

![X-ray scattering patterns as a function of digestion time of the three infant formulas IF 1, IF 2 and IF 3 at low (20 g eq; panels a−c) and high (40 g eq; panels d−f) fat contents. The gram equivalents were representative of the amount of IF powder used for coadministration of 800 mg of OZ439-FB and 900 mg of FQ-FB in a total volume of 200 mL. Solid arrows represent peaks of the *Fd*3*m* phase, dashed arrows represent peaks for the H~2~ phase, and asterisks depict peaks of the L~α~ phase from calcium soaps.](mp0c00475_0002){#fig2}

The addition of OZ439 and FQ into all of the infant formulas prior to digestion was found to disrupt the formation of the colloidal structures irrespective of the initial liquid crystalline phases ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). A similar behavior has been observed in milk; however, the effects of drugs on the self-assembled structures were dependent on the amount of coadministered OZ439 and FQ, with FQ exerting a stronger effect on the structures compared to OZ439.^[@ref9]^ This may be caused by greater interactions between FQ and the milk lipids generally, but it is unknown whether preferential binding between the different types of FFA and the drug species occurred. We therefore anticipated that any differences observed in the extent of drug solubilization during digestion in the three infant formulas would be due to the types of lipolytic products released and not the structural effects of the colloidal phases.

![Comparisons in the X-ray scattering patterns between infant formulas and infant formulas containing OZ439 and FQ after 30 min of digestion.](mp0c00475_0003){#fig3}

3.2. Solubilization of OZ439 and FQ in Infant Formulas and the Effects of Fat Content: SAXS and HPLC Studies {#sec3.2}
------------------------------------------------------------------------------------------------------------

The solubilization of OZ439 and FQ in IF 1, IF 2, and IF 3 during dispersion and digestion was determined using SAXS. This technique has been previously shown to be useful in the simultaneous monitoring of both the kinetics of the solubilization and the polymorphic phase transformation of drugs in real time.^[@ref6],[@ref8],[@ref9],[@ref23],[@ref24]^ The scattering of X-rays by the crystalline drugs gives rise to sharp Bragg peaks; and the decrease in the peak areas, i.e., the loss of crystallinity, can be interpreted as solubilization or amorphization.

It is known that OZ439 undergoes a polymorphic transformation from the crystalline free-base form 1 (OZ439-FB 1) at the small intestinal pH to the stable form 2 polymorph (OZ439-FB 2) during storage^[@ref18]^ or digestion in milk,^[@ref8]^ and a similar behavior was seen in the digesting infant formulas. The evolution of OZ439-FB 2 with the digestion time is shown in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf). A comparison between the solubilization of OZ439 in milk and IFs was therefore assessed based on the final scattering intensity from OZ439-FB 2 crystals present after digestion. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows that the final extent of formation of the OZ439-FB 2 crystals (that could potentially dictate oral bioavailability) differed across the IFs. For 20 g eq powders, less OZ439-FB2 was formed after 30 min of digestion of IF 2 compared to IF 1 and IF 3. We also observed that the amount of OZ439-FB 2 crystals remaining in the sample was dependent on the fat content of the infant formulas, with 40 g eq IF 2 providing a near-complete disappearance of the characteristic Bragg peak at *q* = 1.27 Å^--1^. The influence of the fat content on the drug solubilization has also been shown in milk, utilizing halofantrine as a model weakly basic drug.^[@ref7]^

![Residual crystalline (a) OZ439-FB 2 and (b) FQ remaining after 30 min of digestion in infant formulas IF 1, IF 2, and IF 3 from 20 g eq powders (2.5--2.7% fat) to 40 g eq powders (5.1--5.4% fat). Residual peak area of OZ439-FB 2 after 30 min of digestion of milk (3.3% fat) was also shown for comparison (dashed line). Partitioning of OZ439 and FQ in the digested phases of the infant formulas at 40 g eq powders collected after 30 min of digestion is shown in panel c and d, respectively.](mp0c00475_0004){#fig4}

The degree of solubilization of OZ439 in all of the infant formulas was different, with the performance ranking as follows: IF 2 \> IF 1 \> IF 3. An examination of the key differences in the lipid components between the three infant formulas using LC-MS revealed that IF 2 contained a higher amount of C8:0--C12:0 medium-chain lipids (FFAs and MAGs) after 30 min of digestion, with mole ratios of approximately 1/3.3/1.2 in IF 1/IF 2/IF 3, respectively ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf)). The greater number of moles of lipids in IF 2 could therefore support the solubilization of OZ439, as evidenced from the total amount of released fatty acids during *in vitro* digestion ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf)).

In addition, the solubilization of OZ439-FB 2 was found to be affected by the kinetics of the release of fatty acids during *in vitro* digestion. In IF 3, for example, more undissolved OZ439-FB 2, i.e., a larger peak area of the characteristic Bragg peak, was observed after digestion that could be caused by the slower release of fatty acids ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf)). Preliminary investigations of the total phospholipid contents in the infant formulas using LC-MS show a higher relative amount of lysophosphatidylethanolamine in IF 3 compared to IF 1 and IF 2, suggesting that the presence of excipients in infant formulas can affect the degree of drug solubilization due to their impact on the kinetics of lipid digestion.

Unlike OZ439, where the formation of OZ439-FB 2 during digestion was dependent on the type of infant formula and the release of fatty acids, the disappearance of the crystalline FQ Bragg peak during digestion was not significantly affected by the type of infant formula. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows the area under the characteristic Bragg peak for FQ at *q* = 1.30 Å^--1^ in IF 1, IF 2, and IF 3 from 20 to 40 g eq powders after 30 min of digestion. The disappearance of the FQ peak was observed in all tested samples. The loss of crystallinity in FQ during digestion in the infant formulas was therefore postulated to be independent of the type of lipid species and the amount of fat when ≥2.5% fat content was used. Separate investigations into the threshold concentrations of fat onto which FQ could be solubilized in IF 2 ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf)) showed the presence of FQ crystals when the fat content was between ∼5 g eq and 10 g eq IF 2 powder. The solubilization of FQ could therefore be achieved with an IF 2 fat content between 0.7% (5 g eq) and 1.4% (10 g eq), as was shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf). Although OZ439 and FQ have similar values of log *P*, their p*K*~a~ values are different ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). At pH 6.5 during digestion, ferroquine exhibits a greater degree of ionization compared to OZ439, which was hypothesized to enable a greater interaction between the protonated form of ferroquine and the liberated ionized fatty acids. It has been shown previously that where ferroquine reduced the solubilization of OZ439 during the digestion of milk due to competition for the available fatty acids.^[@ref9]^

Comparative solubilization studies of OZ439 and FQ in the three infant formulas during digestion were subsequently performed using HPLC, and the amount of drug partitioned into the dense pellet, the supernatant, and the buoyant lipid phases was quantified. Insignificant amounts of FQ were observed in the pellet phase, indicating essentially complete drug solubilization ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d); while the amount of OZ439 remaining in the pellet phase after digestion in IF 2 was lower than in IF 1 and IF 3 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The higher extent of drug solubilization could therefore be attained in medium-chain FA-rich IF 2, which agrees well with the observations from SAXS described previously.

To elucidate whether the differences in the chain lengths of FA species would affect the degree of drug solubilization, the saturation solubility of OZ439 and FQ in medium- and long-chain FAs was determined using caprylic acid and oleic acid as the model lipids, respectively. The solubility of drugs in the corresponding TAGs, i.e., tricaprylin and triolein, was also assessed to determine the differential solubility values of OZ439 and FQ between TAGs and FAs. Compounds that exhibited greater solubility differences between FAs and the corresponding TAGs were hypothesized to give rise to a higher drug solubilization after digestion where FA was released.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the higher solubility of OZ439-FB 2 (the most stable polymorph) in medium-chain fatty acids compared to long-chain fatty acids, but no significant difference was observed in the solubility of OZ439 in the TAGs. Therefore, the enhanced solubilization of OZ439 in IF 2 could be driven not only by the greater amount of fat present per weight of powder but also by the higher solubility of the drug in medium-chain fatty acids, which constitute a greater proportion of IF 2. No significant impact of fatty acid chain lengths on the solubility of FQ could be detected.

![Equilibrium solubility of (a) OZ439-FB 2 and (b) FQ-FB in triacylglycerols (triolein and tricaprylin) and fatty acids (oleic acid and caprylic acid) in units of mmol of drug/mol of lipid.](mp0c00475_0005){#fig5}

Meanwhile, greater amounts of OZ439 and FQ could be solubilized in FAs compared to TAGs on a mmol/mol basis irrespective of the fatty acid chain lengths, and larger solubility differences (between TAGs and FAs) were observed for FQ compared to OZ439. About a 36-fold increase in the drug solubility was attained for FQ compared to only a ∼5-fold increase for OZ439 in long-chain lipids. For medium-chain lipids, solubility increases of ∼46-fold and 7-fold were observed for FQ and OZ439, respectively. Larger solubility differences between TAGs and FAs for FQ will therefore lead to a greater extent of drug solubilization when fatty acids are released during digestion compared to OZ439. The solubility of OZ439-FB 2 and FQ on an equivalent mass basis (mg of drug/g of lipid) is presented in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf).

3.3. Solubilization of OZ439 and FQ in Simple Triacylglycerol Emulsions and the Effects of Bile Salts {#sec3.3}
-----------------------------------------------------------------------------------------------------

To confirm the hypothesis that the greater solubilization of OZ439 in IF 2 was due to the presence of more medium-chain lipids, the solubilization of OZ439 and FQ in emulsified MCT and LCT was investigated using SAXS. Generally, lipid-based formulations containing MCT have a tendency to provide greater initial solubilization of drugs; however, the digested products may have a reduced capacity to support drug solubilization compared to LCT due to the higher polarity of the FA.^[@ref25],[@ref26]^ The use of MCT as an oral-based lipid formulation has therefore been reported to favor the solubilization of less lipophilic drugs^[@ref27]^ and not highly lipophilic compounds due to drug precipitation during *in vitro* digestion.^[@ref28]^ However, it is worth noting that the formation of drug-rich pellet phases may not necessarily translate to a reduced oral bioavailability, particularly when amorphous solids with high dissolution rates are formed.^[@ref29],[@ref30]^

OZ439 and FQ are weakly basic lipophilic drugs that have log *P* values of about 5.4 and 5.1, respectively, and may therefore exhibit a lower extent of solubilization in MCT during *in vitro* digestion. Comparisons between the area under the characteristic OZ439-FB 2 peak at *q* = 1.27 Å^--1^ in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, however, showed the presence of fewer OZ439-FB 2 crystals in MCT than LCT after digestion, indicating that the lipolytic products of the medium-chain TAGs played an important role in the solubilization of OZ439. Fewer OZ439-FB 2 drug crystals were also observed when 20 wt % of the fat in LCT was substituted with MCT, further suggesting that the inclusion of MCT may be considered as a beneficial approach to improve the solubilization of OZ439 and that less lipid (on a weight basis) would be required to achieve a similar level of drug solubilization.

![(a) (a) Residual crystalline OZ439-FB 2 (characteristic peak at *q* = 1.27 Å^−1^) and FQ (characteristic peak at *q* = 1.30 Å^−1^) remaining after 30 min of digestion of MCT and LCT emulsions. (b) Partitioning of OZ439 in MCT and LCT after 30 min of digestion. (c) The X-ray scattering patterns of the resulting pellets. Peaks in the low *q* region in the pellet of the digested MCT sample were indexed to a hexagonal liquid crystal phase with spacing ratios of 1:√3:√4:√7. (d) Effects of bile salts on the solubilization of OZ439 during the course of digestion.](mp0c00475_0006){#fig6}

The quantification of the amount of OZ439 and FQ partitioned into the digested phases of MCT and LCT after ultracentrifugation using HPLC is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c. Ultracentrifugation of the digested phases of OZ439+FQ in LCT resulted in a dense pellet, a clear supernatant phase, and a lipid phase, while, in MCT, the separated layers consisted of a clear supernatant phase and two sedimented phases (that consisted of a "solid" yellow pellet layer and an "oily" yellow drug-rich phase) where most of OZ439 and FQ reside ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf)). An analysis of the "solid" pellet layer in the digested MCT using HPLC showed the presence of about 15% OZ439 and 10% FQ, while \>80% OZ439 and 90% FQ was partitioned into the sedimented "oily" layer and the supernatant ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). It is worth noting that the amount of drug partitioned in the "lipid and supernatant" layers presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b was a summation of the drugs residing in the sedimented "oily" layer and the aqueous supernatant layer due to difficulties of phase separation. A solid-state analysis of the collected pellets in MCT using SAXS ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c) showed the presence of a broad halo characteristic of random molecular distributions, with no periodic crystal lattice planes and with no observable Bragg peaks characteristic of crystalline OZ439-FB 2 and FQ. Meanwhile, sharp Bragg peaks indicative of OZ439-FB 2 crystals could be seen in the pellet of the digested LCT samples. Our results therefore suggest that OZ439 precipitated mainly in an amorphous form during digestion in MCT, which may subsequently redissolve more rapidly in an intestinal environment and thereby increase the flux of drug across the intestinal membrane.^[@ref31],[@ref29],[@ref30]^

Similar trends in the solubilization of OZ439 could be observed with the inclusion of bile salt micelles (NaTDC/DOPC) during the digestion of MCT and LCT; however, the extent of solubilization was influenced by the presence of these endogenous surfactants. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d shows that the presence of bile salt micelles provided significant improvements in the solubilization of OZ439-FB 2 in LCT, and fewer drug crystals were also observed in the MCT-based lipid formulations after digestion. This suggested a potential solubilization of OZ439 into the mixed micelles formed by the incorporation of FFA and MAG into NaTDC/DOPC^[@ref32]^ during digestion.^[@ref33],[@ref34]^ It should also be noted that an overall increase in the amount of titrated NaOH, and hence the released fatty acids, during the lipolysis of lipids with drugs and bile salts (see [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf)) may also contribute to the improved solubilization of OZ439. This increase could be caused by the enhanced removal of the lipolytic products that accumulated at the oil--water interface of the fat globules,^[@ref35],[@ref36]^ which subsequently increased the exposure of the TAG core to pancreatic lipases. The characterization of the particle size distributions of the fat globules showed that the presence of bile salts may also assist in the emulsification of the lipids due to their amphiphilic nature,^[@ref2]^ leading to smaller-sized fat globules with narrower size distributions ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf)).

In addition to the overall enhanced solubilization of OZ439 during digestion in MCT and LCT, the addition of bile salts affected the kinetics of the formation of OZ439-FB 2 (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d), which may be caused by changes in the supersaturation state of the drug. We have previously shown that the precipitation of OZ439-FB 2 (in the absence of FQ) occurred during digestion and not dispersion, and this could be attributed to the nucleation and growth of OZ439-FB 2 crystals from the thermodynamically unstable supersaturated state of OZ439-FB.^[@ref8]^ The supersaturated solution arises when the solubilization capacity of OZ439 decreases during lipolysis as the colloidal species become progressively more hydrophilic. Hence, a supersaturated drug solution may also be achieved when FFA is solubilized into the NaTDC/DOPC mixed micelles, thereby depleting the FFA species available for drug solubilization. This may in turn lead to faster kinetics of precipitation of OZ439-FB 2 in MCT and LCT, as was seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d.

Overall, our studies confirmed, based on the *in vitro* data, that medium-chain triacylglycerols (MCT) provide higher drug solubilization during digestion than long-chain triacylglycerols (LCT). Although MCT has been categorized as a "Generally Recognized as Safe" (GRAS) class of compound by the FDA^[@ref37]^ and its use as a substitute for LCT has been established (due to the faster digestion and absorption that can provide an immediate source of energy for infants with malabsorption issues and in prematurely born neonates),^[@ref38],[@ref39]^ the consumption of infant formulas containing high amounts of MCT for a long period of time is not recommended given the possible risk of deficiencies in fat-soluble nutrients.^[@ref38]^ Infant formulas containing mixtures of LCT and MCT may therefore provide beneficial effects in improving the oral bioavailability of OZ439 and promote growth in children.

4. Conclusions {#sec4}
==============

Understanding the correlation between drug solubilization and lipid compositions is key to the design of milk-based lipid formulations for the coadministration of drugs. In this study, the solubilization of the antimalarial drugs OZ439 and FQ in three infant formulas that have different lipid compositions was assessed. We conclude that infant formulas can be used as substitutes to milk as an oral-based formulation to deliver OZ439 and FQ, with lipid compositions being the key parameters in dictating the solubilization of OZ439 and FQ. This study provides useful guidance in the design of simple LBF for the oral delivery of OZ439 and FQ and in the preliminary assessment of drug solubilization behaviors following administration to breast-fed infants.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00475](https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00475?goto=supporting-info).Compositions of free fatty acids and monoacylglycerols in milk and infant formulas after 30 min of digestion; titrated fatty acids during the digestion of infant formulas; particle size distributions of IF 2 at 20 and 40 g eq powders; evolution of OZ439-FB2 during the digestion of infant formulas; total amount of titrated NaOH during the digestion of infant formulas; X-ray scattering profiles of OZ439+FQ in IF 2 at variable fat contents; equilibrium solubility of OZ439-FB2 and FQ-FB in triacylglycerols and fatty acids; visual observations of the separated digested phases of OZ439 and FQ in MCT and LCT; particle size distributions of milk, MCT, and LCT dispersions in the absence and presence of bile salts; and amount of titrated fatty acids liberated from MCT and LCT during digestion with and without bile salts ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00475/suppl_file/mp0c00475_si_001.pdf))
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